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The Raf-like Kinase ILK1 and the High Afﬁnity K+
Transporter HAK5 Are Required for Innate Immunity and
Abiotic Stress Response1[OPEN]

The Boyce Thompson Institute for Plant Research, Ithaca, New York 14853 (E.K.B., S.C.P.); Department of
Plant Pathology and Plant-Microbe Biology, Cornell University, Ithaca, New York 14853 (E.K.B., S.C.P.);
Department of Biochemistry, University of Missouri, Christopher S. Bond Life Sciences Center, Columbia,
Missouri 65211 (N.A., J.T.T.); Department of Biological Sciences, Louisiana State University, Baton Rouge,
Louisiana 70803 (R.D., N.K.); and Robert W. Holley Center for Agriculture and Health, Agricultural Research
Service, US Department of Agriculture, Cornell University, Ithaca, New York 14853 (A.E.C., M.A.P., L.V.K.)
ORCID IDs: 0000-0002-1674-1247 (R.D.); 0000-0002-7166-1848 (M.A.P.); 0000-0003-3416-089X (L.V.K.); 0000-0001-5780-8252 (S.C.P.).

Plant perception of pathogen-associated molecular patterns (PAMPs) and other environmental stresses trigger transient ion
ﬂuxes at the plasma membrane. Apart from the role of Ca2+ uptake in signaling, the regulation and signiﬁcance of PAMPinduced ion ﬂuxes in immunity remain unknown. We characterized the functions of INTEGRIN-LINKED KINASE1 (ILK1) that
encodes a Raf-like MAP2K kinase with functions insufﬁciently understood in plants. Analysis of ILK1 mutants impaired in the
expression or kinase activity revealed that ILK1 contributes to plant defense to bacterial pathogens, osmotic stress sensitivity,
and cellular responses and total ion accumulation in the plant upon treatment with a bacterial-derived PAMP, ﬂg22. The
calmodulin-like protein CML9, a negative modulator of ﬂg22-triggered immunity, interacted with, and suppressed ILK1
kinase activity. ILK1 interacted with and promoted the accumulation of HAK5, a putative (H+)/K+ symporter that mediates
a high-afﬁnity uptake during K+ deﬁciency. ILK1 or HAK5 expression was required for several ﬂg22 responses including gene
induction, growth arrest, and plasma membrane depolarization. Furthermore, ﬂg22 treatment induced a rapid K+ efﬂux at both
the plant and cellular levels in wild type, while mutants with impaired ILK1 or HAK5 expression exhibited a comparatively
increased K+ loss. Taken together, our results position ILK1 as a link between plant defense pathways and K+ homeostasis.

During infection, bacteria betray their presence in the
host through pathogen-associated molecular patterns
(PAMPs), which are detected by pattern recognition
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receptors at the plasma membrane (PM). One of the
best-characterized pattern recognition receptors is FLS2,
which binds the ﬂg22 peptide derived from bacterial
ﬂagellin (Gómez-Gómez and Boller, 2000; Chinchilla
et al., 2007). Recognition of ﬂg22 in Arabidopsis elicits
signaling responses within minutes, including the initiation of kinase cascades, production of reactive oxygen
species (ROS), and extracellular alkalization. A set of
signiﬁcant cellular responses triggered rapidly after
stress perception involves the ﬂuxes of cations and anions across the PM (Boller and Felix, 2009).
While certain ion-mediated signaling events and
their contribution to defense responses are clear, others
remain relatively unstudied. For example, Ca2+ inﬂux
was shown to activate anion efﬂux, ROS production,
and Ca2+-dependent protein kinase cascades, leading to
changes in gene expression (Boudsocq et al., 2010;
Jeworutzki et al., 2010, Kuchitsu et al., 1997; Felle et al.,
1998; Wendehenne et al., 2002). In contrast, the role of
K+ and Cl2 efﬂux is largely unknown, although some
evidence suggests that these ﬂuxes contribute to intracellular signaling and immunity (Davies, 1987;
Jeworutzki et al., 2010). Anion ﬂuxes (Cl2 and NO32 )
promote ﬂg22-induced PM depolarization and are
also required for PAMP-induced changes in gene
expression and production of defensive compounds

Plant PhysiologyÒ, June 2016, Vol. 171, pp. 1470–1484, www.plantphysiol.org Ó 2016 American Society of Plant Biologists. All Rights Reserved.

Downloaded from https://academic.oup.com/plphys/article/171/2/1470/6115255 by Louisiana State University user on 22 September 2021

Elizabeth K. Brauer 2, Nagib Ahsan 3, Renee Dale, Naohiro Kato, Alison E. Coluccio, Miguel A. Piñeros,
Leon V. Kochian, Jay J. Thelen, and Sorina C. Popescu 4*

Functions of ILK1 in Stress Signaling

Plant Physiol. Vol. 171, 2016

Magnan et al., 2008; Leba et al., 2012a; 2012b). Based
on the role of ILKs in metazoans and of the plant CML9
in abiotic and biotic stress, we hypothesized that ILK1
may also be involved in environmental stress responses.
In this study, we demonstrate that ILK1 promotes
osmotic stress sensitivity, ﬂg22 responses, and resistance to bacterial pathogens. ILK1 is an active kinase
in vitro and ILK1 kinase activity is required for its roles
in immunity, but not in osmotic stress. Protein interaction screens revealed that ILK1 interacts with the
HAK5 K+ transporter and induces its accumulation in
the plant. Interestingly, HAK5 and ILK1 promote both
growth in a limiting K+ environment and ﬂg22-induced
responses. Furthermore, K+ transport is required for
ﬂg22-induced PM depolarization and ﬂg22-induced
growth suppression. Together, these results suggest
that K+ transport mediated by HAK5 and ILK1 inﬂuences
an important subset of immune and stress responses.
RESULTS
ILK1 Interacts with CML9 in Vivo and Is an Active Kinase

The calmodulin-like protein, CML9, interacts in vitro
with a number of kinases including ILK1 (Popescu
et al., 2007). To determine if ILK1 interacts with CML9
in vivo, the split-luciferase complementation assay
(SLCA) was conducted in Arabidopsis protoplasts.
Coexpression of NLuc-ILK1 and CLuc-CML9 produced
signiﬁcant luciferase activity relative to the negative
control indicating interaction (Fig. 1A). No luciferase
activity was observed during coexpression of NLucILK1 with CLuc-CaM1, a calmodulin that shares several
common interactors with CML9 (Popescu et al., 2007),
indicating speciﬁcity of the ILK1-CML9 interaction. To
further evaluate whether ILK1 and CML9 interact in the
absence of other plant proteins, the full-length ILK1 and
CML9 genes were fused with complementary fragments of YFP and expressed in Xenopus oocytes to test
for bimolecular ﬂuorescence complementation. Coinjection of cRNA encoding ILK1 and CML9 resulted in a
signiﬁcant YFP signal, indicating a direct interaction of
the protein products (Fig. 1B).
Several members of the ILK family, including ILK1,
are classiﬁed as pseudokinases because they contain
substitutions in conserved amino-acid motifs that are
essential for enzymatic activity (Adams, 2001). In general, plant ILKs have fewer substitutions in the kinase
domain compared to metazoan ILKs, suggesting that
they may be functional kinases (Fig. 1C). The MsILK1
has an unusual Mn2+-dependent kinase activity
(Chinchilla et al., 2008), indicating that at least some
plant ILKs are active. To test ILK1 kinase activity, a
radioactive kinase assay was performed with puriﬁed
recombinant ILK1-cMyc. The 75-kD ILK1-cMyc exhibited both autophosphorylation and substrate phosphorylation activity in the presence of either Mn2+ or Mg2+
cofactors (Fig. 1D). ILK1-dependent phosphorylation
demonstrated a dose-dependent relationship with Mn2+
that was absent with Mg2+ (Fig. 1D). Consistent with this
1471
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in parsley (Jeworutzki et al., 2010; Jabs et al., 1997).
Whether these non-Ca2+ ion ﬂuxes have a direct or
indirect effect on signaling during immunity remains
unknown, in part because the molecular components
involved in these processes have not yet been identiﬁed.
The mechanisms of ion transport, cross talk among
ion transport systems, and regulatory pathways for
maintaining ion homeostasis have been studied extensively in the context of plant nutrition. For example,
under limiting K+ conditions (10–200 mM external K+),
K+ uptake is mediated by the high-afﬁnity HAK5
transporter and low-afﬁnity AKT1 channel in Arabidopsis (Spalding et al., 1999; Alemán et al., 2011). The
regulation of both of these transport systems is responsive to the nutrient status of the extracellular environment. As such, conditions of K+, N, or P deﬁciency
induce HAK5 expression while K+ provision represses
its expression (Rubio et al., 2014). HAK5 localization
also changes in response to K+ status, as deﬁciency
enhances HAK5 accumulation at the PM (Qi et al.,
2008). HAK5 transport activity, however, is speciﬁcally induced by K+ deﬁciency through unknown posttranslational modiﬁcations (Rubio et al., 2014). In
Dionaea muscipula, DmHAK5 mediated K+ uptake in
Xenopus oocytes but only when co-expressed with the
Ca2+-induced AtCBL9-CIPK23 complex (Scherzer et al.,
2015), suggesting that the transport activity is regulated
by Ca2+ signals. CBL1 and CIPK23 were also found to
enhance AtHAK5 transport in yeast and Arabidopsis
(Ragel et al., 2015). Thus, K+ deﬁciency promotes HAK5
regulation at multiple levels and modiﬁes K+ uptake
according to plant needs. Given that PAMP induced loss
of anions, K+, and other nutrients have the potential to
promote bacterial growth in the apoplast, regulation of
nutrient loss by the plant host is likely a critical aspect
of PAMP-triggered immunity (Atkinson and Baker,
1987). Indeed, the pathways for maintaining nutrient
homeostasis under abiotic stress may also mediate
signaling and cellular responses after pathogen attack.
In an effort to identify components of the immune
response that may be involved in modulation of ion
transport, we characterized the Arabidopsis INTEGRINLINKED KINASE1 (ILK1) that was previously called
ANKYRIN-PROTEIN KINASE 1 (Chinchilla et al., 2003).
ILK1 belongs to the ILK subfamily of RAF-like MAPKKKs
that are ubiquitous across eukaryotes and the plant
kingdom (Ichimura et al., 2002). In metazoans, ILKs
have a central role in cellular motility; extracellular
matrix signals perceived by the integrin transmembrane receptor are transmitted to numerous cytosolic
signaling pathways through ILK (Wickström et al.,
2010). In plants, ILK expression has been associated
with changes in root development. The expression of
MsILK in Medicago sativa was induced during nodule
development while in Arabidopsis, expression of a
mutated ILK1 was associated with lateral root formation (Chinchilla et al., 2003, 2008). We previously
identiﬁed ILK1 as a CML9 protein interactor, which
has been shown to promote both ﬂg22 responses and
tolerance to high NaCl and KCl (Popescu et al., 2007;
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ﬁnding, two autophosphorylation sites near the N terminus (Ser-17 and Ser-26) were identiﬁed when ILK1-cMyc
was exposed to Mn2+, while only one site (Ser-17) was
phosphorylated in the presence of Mg2+ (Supplemental
Fig. S1; Supplemental Table S1). Mass spectrometry
analysis of the puriﬁed ILK1-cMyc did not detect additional 75 kD kinases, and phosphorylation signals were
absent in the empty vector control extracts (Supplemental
Fig. S2, A and B). Together, these observations indicate
that the signal was not due to contaminating plant kinases extracted during the puriﬁcation process but rather
represents ILK1-cMyc activity.
Next, we tested whether CML9 is an ILK1 substrate
or is able to modulate ILK1 activity, by co-incubating
1472

puriﬁed CML9 and ILK1 fusion proteins. No CML9
phosphorylation was observed, indicating that CML9 is
not an ILK1 direct phosphorylation target (Fig. 1E).
Instead, ILK1 autophosphorylation diminished with
increasing CML9 amounts in both the presence and
absence of Ca2+, suggesting that CML9 represses ILK1
activity regardless of Ca2+ presence.

ILK1 Functions as a Kinase during Flagellin Response and
Basal Immunity

Ectopic expression of CML9 is associated with root
growth inhibition in response to ﬂg22 (Leba et al.,
Plant Physiol. Vol. 171, 2016
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Figure 1. ILK1 interacts with CML9 in vivo and is an active kinase in vitro. A, The SLCA in Arabidopsis protoplasts revealed
interactions between the bait (NLuc-ILK1) and prey (CLuc-CML9) fusion proteins by quantifying the amount of luciferase activity
relative to that of the HISTONE 2A and 2B interactors (NLuc-H2A, CLuc-H2B; Fujikawa and Kato, 2007). The response of the
negative control (NLuc-SIM, CLuc-PAN) is shown for reference. Data from four replicates from three independent experiments for
each pair are shown where * indicates significant difference from the control, P , 0.05). B, Images showing interaction of ILK1
with CML9 by bimolecular fluorescence complementation of YFP in Xenopus oocytes. Scanning confocal microscopy images
shows one-quarter of the oocyte either fluorescing (right image) or under bright field (left image). No background autofluorescence was observed in cells expressing untagged ILK1 (n = 6). C, The kinase domain of ILKs lacks several critical residues
present in eukaryotic protein kinases. Alignment of the highly conserved amino acids within the kinase subdomains of the plant
ILK family revealed higher conservation of kinase consensus residues in plants (black letters) compared to a representative
metazoan ILK from Drosophila, which contains several substitutions (red letters). Asterisks indicate the residues mutated in this
study. D, Autophosphorylation (ILK-P) and substrate phosphorylation (tubulin-P) of purified ILK1-cMyc with increasing concentrations of Mn2+ or Mg2+ cofactor visualized by autoradiography. Equal loading was determined by Ponceau staining. E,
Autophosphorylation (ILK-P) and CML9 phosphorylation (CML9-P) with 5 mM Mn and 1 mM Ca, in the presence of increasing
amounts of CML9-cMyc. Protein loading is visualized by western blot with an anticMyc antibody.

Functions of ILK1 in Stress Signaling

Pseudomonas syringae pv. tomato ΔhrcQ-U bacterial pathogen. This pathogen lacks a functional type-three secretion system and is unable to secrete effectors into the
plant cell to disrupt PAMP detection. In line with the
trend observed with ﬂg22 treatment, the ilk1-1 and
K222A-1 plants were more susceptible to the pathogen
while the other lines maintained wild-type-level resistance (Fig. 3D). This role is not likely related to stomatal
aperture as susceptibility to a bacterial pathogen occurred during either ﬂood-inoculation or direct inﬁltration (Supplemental Fig. S3). This suggests that ILK1
functions as a kinase in promoting resistance to bacterial pathogens. In contrast, the ilk1-1 mutant performed
like wild type when infected with the virulent strain
(DC3000) or the avirulent P. syringae pv. tomato strain
(DC3000 avrRpt2) indicating that ILK1 is not involved
in effector-induced defenses (Supplemental Fig. S3).
We next examined ILK1 contribution to several early
PAMP responses. To begin, ilk1-1 leaf disks were exposed to ﬂg22 followed by ROS quantiﬁcation; no signiﬁcant difference was observed between the ilk1-1 and
wild-type plants (Fig. 4A). Plant perception of ﬂg22 also
includes phosphorylation of MPK3 and MPK6, which
play a partially redundant role in inducing FRK1 and
WRKY29 expression (Boudsocq et al., 2010). In ilk1-1
seedlings, ﬂg22 treatment induced maximum MPK3
and MPK6 phosphorylation by 6-min post-treatment
(mpt) followed by a gradual decrease to 15 mpt (Fig.
4B); in wild type, MPK3 and MPK6 activation gradually
increased over time to a maximum at 15 mpt (Fig. 4B).
In line with this observation, FRK1 and WRKY29 induction was higher in ilk1-1 and K222A-1 plants relative to the wild type, while ILK1-1 plants demonstrated
similar or lower expression as the wild type (Fig. 4C).
These data suggest that the kinase activity of ILK1
promotes PAMP responses and basal immunity in
planta; we posit that ILK1 modulates PAMP-triggered
MAPK signaling, and operates downstream or independently of ROS production.

Lack of ILK1 Impairs NaCl and Mannitol Sensitivity

Figure 2. Mutants with reduced ILK1 expression exhibit reduced root
sensitivity to bacterial flg22. A, ILK1 gene expression is reduced in ilk1-1 and
ilk1-2 T-DNA insertion lines. Expression was quantified by qRT PCR in 4–6
biological replicates with two technical replicates and normalized to
protein phosphatase 2A (PP2A) gene expression where * indicates significant difference from the wild type, P , 0.05. B, Flg22-induced root
growth inhibition is absent in ilk1-1 and ilk1-2 seedlings. The seedlings
were grown for 5 d prior to transfer to liquid MS media containing
no flg22 or 100 nM flg22 and primary root length was quantified 10 d
after transfer (n = 10–16) where * indicates significant difference in
growth between the flg22-exposed and non-exposed plants within a
line, P , 0.05.
Plant Physiol. Vol. 171, 2016

In addition to a role in immunity, previous studies
associate CML9 to high salt stress sensitivity (Magnan
et al., 2008). To determine whether ILK1 is similarly
involved, the ILK1 mutant lines were subjected to high
NaCl or mannitol and germination was quantiﬁed.
While ilk1-1 seeds demonstrated salt insensitivity, germinating signiﬁcantly more than the wild type, the ectopically expressing ILK1 lines demonstrated heightened
sensitivity relative to the wild type (Fig. 5A). Similar
trends were recorded when plates were supplemented
with mannitol, indicating that ILK1 expression is correlated with hyperosmotic stress sensitivity. Induction of
the salt stress marker Rd29A (Yamaguchi-Shinozaki and
Shinozaki, 1994) was also signiﬁcantly lower in ilk1-1
seedlings after exposure to high NaCl liquid media, while
its expression in the ILK1-1 seedlings was at wild-type
levels (Fig. 5B).
1473
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2012b). To determine if ILK1 is similarly involved in
responses to ﬂg22, two independent mutant lines with
T-DNA insertions in the promoter region (ilk1-1) or an
exon (ilk1-2) were tested for ILK1 expression, and found
to have a signiﬁcant reduction in ILK1 transcript
abundance (Fig. 2A; Supplemental Table S2). We challenged seedlings from these with ﬂg22 and root growth
was compared to the wild-type line 10 d after exposure.
While ﬂg22 signiﬁcantly inhibited wild-type root
growth relative to control conditions, ilk1-1 or ilk1-2
seedlings grew similarly in control or ﬂg22-supplemented
medium, indicative of a lower ﬂg22 sensitivity that the
wild type (Fig. 2B). Due to the similarity in response between ilk1-1 or ilk1-2 seedlings, subsequent experiments
were performed with the ilk1-1 line alone.
To determine if ILK1 activity is required for ﬂg22
sensitivity, mutant ILK1 isoforms were generated with
decreased (ILK1K222A) and increased (ILK1D319N) kinase
activity (Fig. 3A). The three ILK1 isoforms were ectopically expressed in the ilk1-1 background to restore ILK1
expression (Fig. 3B). Two independent transformants
from each event were tested for root growth responses
to ﬂg22. Interestingly, while all of the lines expressing
the kinase-active ILK1 isoforms (ILK1-1, ILK1-2, D319N-1,
D319N-2) displayed signiﬁcant ﬂg22-induced root
growth inhibition, the lines expressing the kinasedead version (K222A-1, K222A-2) did not (P = 0.19,
P = 0.32; Fig. 3C). All lines grew the same as wild
type in control conditions, indicating that this phenotype cannot be explained by stunted growth of the
transformants. This suggests that ILK1 expression
and activity are both required for ﬂg22 sensitivity in
seedlings.
Detection of ﬂagellin is an important component of
basal immunity against bacterial pathogens (Zipfel
et al., 2004). To determine if basal immunity is affected
by ILK1, ilk1-1 plants were infected alongside wild-type
and ILK1-1, K222A-1, and D319N-1 lines with the
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We examined next ILK1 transcriptional regulation
during stress. Previous work showed that ILK1 expression was maintained constant in leaf and root tissues throughout development and in response to
abiotic stress (Kilian et al., 2007; Chinchilla et al., 2008).
Our measurements of ILK1 transcript accumulation
failed to detect signiﬁcant changes in expression in
wild-type seedlings treated with high NaCl, mannitol,
or ﬂg22 (Fig. 5C), conﬁrming that transcriptional adjustment is not a signiﬁcant regulatory means for ILK1.
Subcellular Localization of ILK1 Fusion Proteins in
Nicotiana benthamiana and Arabidopsis

ILK1 is predicted to localize to the cytosol due to lack
of any obvious localization signals (www.bar.utoronto.
ca). To gain further insight into ILK1 subcellular localization, ILK1::GFP was expressed in N. benthamiana and
the associated GFP signal was imaged using confocal
microscopy. In leaf epidermal cells, the ILK1:GFP chimera colocalized with the HDEL endoplasmic reticulum (ER) retention sequence (Pearson correlation
coefﬁcient R = 0.70) and with the basic domain of
CaM53 that localizes to the PM (R = 0.84; Fig. 6A;
Gomord et al., 1997; Rodríguez-Concepción et al.,
2000). The ILK1::GFP chimera also localized to the periphery of the cell under plasmolysis-inducing conditions
1474

where it was visualized in the Hechtian strands (Fig. 6B).
In Arabidopsis seedlings expressing ILK1::CFP (ILK1-1
line), the CFP signal localized at the cell periphery in
roots and shoots, as well as the proto-xylem (Fig. 6C).
Taken together, our results suggest that ectopically
expressed ILK1 associates with the inner side of the
PM and ER membranes.
ILK1 Contributes to K+ Accumulation during Stress, Which
Is Required for ﬂg22 Response

Potassium accumulation is reduced in plants under
high NaCl conditions and is thought to be a major factor
in determining tolerance to salt stress (Alemán et al.,
2011). To determine if K+ homeostasis is affected in ilk1-1,
we measured the K+ content in seedlings treated with
high NaCl amounts or ﬂg22. Interestingly, both ilk1-1
and wild-type seedlings displayed a signiﬁcant reduction of K+ accumulation following NaCl or ﬂg22
treatments (Fig. 7A). In contrast, ILK1-1 seedlings
maintained control-level K+ content under stress, accumulating signiﬁcantly more K+ than wild type (Fig. 7A).
Loss of K+ upon ﬂg22 treatment has been documented at
the cellular level (Jeworutzki et al., 2010), but a net K+
loss at the seedling level has not been reported to date.
To test the signiﬁcance of K+ homeostasis in plant’s
response to ﬂg22, we employed the root-growth
Plant Physiol. Vol. 171, 2016
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Figure 3. ILK1 activity is required for the flg22 response and bacterial resistance. A, Autophosphorylation activity of the cMyctagged ILK1, ILK1D319N, or ILK1K222A isoforms exposed to 5 mM Mn2+ and visualized by autoradiography. Equal loading of the
protein was verified by western blot and decreasing relative concentrations (1, 0.5, and 0.25) of the enzymes were used as indicated by triangles. B, ILK1 gene expression is enhanced in the ilk1-1 lines transformed with clones containing ILK1, or the
ILK1D319N (increased kinase activity) or ILK1K222A (decreased kinase activity) isoforms. Two lines for each construct were evaluated (i.e. ILK1-1, ILK1-2). Expression was quantified by qRT PCR in 4–6 biological replicates with two technical replicates and
normalized to PP2A gene expression where * indicates significant difference from the wild type, P , 0.05. C, Flg22-induced root
growth inhibition is regained in ilk1-1 expressing ILK1 or ILK1D319N but not ILK1K222A. The seedlings were grown for 5 d prior to
transfer to liquid MS media containing no flg22 or 100 nM flg22 and primary root length was quantified 10 d after transfer (n = 28–32).
The asterisk indicates a significant difference in growth between the flg22-exposed and non-exposed plants within a line, P , 0.05. D,
Bacterial growth is enhanced in the ilk1-1 knockdown and ILK1K222A-expressing plants. The number of viable P. syringae pv. tomato
DhrcQ-U bacteria in rosette leaves were counted 2 d after syringe inoculation (n = 25-36) where * indicates significant difference
from the wild type, P , 0.05.

Functions of ILK1 in Stress Signaling

Altogether, these results indicate that K+ transport is
altered in response to ﬂg22 and that K+ transport is
required for ﬂg22-induced root growth inhibition.
Ion Accumulation Changes After ﬂg22 Treatment

Figure 4. Some flg22-induced signaling responses are altered in ilk1-1
plants. A, Flg22-induced ROS production is intact in ilk1-1 plants.
Leaf disks were exposed to 100 nM flg22 and ROS was quantified in
relative light units immediately after exposure. Nine to 12 plants were
measured in duplicate and the experiment was repeated three times. B,
MAPK activation dynamics are altered in ilk1-1. Three to 5 seedlings
were treated with 1 mM flg22 and harvested at the indicated time after
exposure. MAPK phosphorylation was monitored by western blot with
antip44/42 MAPK antibody. Ponceau staining is shown to assess equal
loading. C, PAMP-triggered immunity-induced gene expression is enhanced in ilk1-1 and ILK1K222A-expressing seedlings. Two marker genes
downstream of MAPK activation were evaluated for induction after
treatment with 1 mM flg22 for 2 h compared to untreated seedlings.
FRK1 and WRKY29 expression were quantified by qRT PCR in five biological replicates with two technical replicates and normalized to
PP2A gene expression where * indicates significant difference from the
wild type, P , 0.05.

inhibition assay to test wild-type responses in the
presence of the K+ channel blocker TEA (tetraethylammonium), thereby inhibiting K+ ﬂuxes while not
affecting Ca2+ transport (Moran et al., 1988; Fu and
Luan, 1998; Demidchik et al., 2010). While ﬂg22 treatment resulted in root-growth inhibition in the absence
of TEA, as expected, the presence of TEA at concentrations as low as 10 mM abolished this response in wildtype seedlings (Fig. 7B). The observed outcome was
not due to a general repression of root growth, since
TEA-treated plants produced root growth similar to the
control.
Plant Physiol. Vol. 171, 2016

Figure 5. ILK1 influences response to ionic or osmotic stress. A, Seed
germination (radicle emergence) on plates containing 150 mM NaCl or
300 mM mannitol 3 d after vernalization. The average is expressed as a
percentage of germination on control plates (n = 100) where * indicates
significant difference from the wild type, P , 0.05. B, Salt-induced
Rd29A expression is reduced in ilk1-1 seedlings. Expression was normalized to PP2A expression and presented as the induction relative to
the untreated control (set to 1) following application of 300 mM NaCl for
8 h (n = 4 biological replicates) where * indicates significant difference
from the wild type, P , 0.05. C, Stress does not alter the expression of
ILK1. Wild-type seedlings were subjected to control conditions or
300 mM NaCl for 5 h, 400 mM mannitol for 5 h or 1 mM flg22 for 3 or 24 h
and expression was calculated as described in (B) (n = 3).
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Since K+ accumulation appears to be important for
ﬂg22-induced responses, we evaluated whether K+
transport is uniquely affected by ﬂg22. To compare the
effect of ﬂg22 on other ions in the plant, the ionome of
wild-type seedlings was examined between 15 and
180 min after ﬂg22 treatment (Fig. 8A). Signiﬁcant
changes occurred as early as 15 min after ﬂg22 treatment, including both transient increases/decreases
(Mg2+, P32, S22, and Zn2+) and constant reductions (K+,
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Na2+, and Mn2+) in ion content over 3 h. To determine if
ILK1 inﬂuences ion content in the absence of stress, we
compared the ionomes of wild type, ilk1-1, and ILK1-1
seedlings and found no signiﬁcant differences between
wild type and the two mutant lines (Fig. 8B). Next, the
ion content was compared between lines following
ﬂg22 application. Unlike wild type and ilk1-1, which
showed a net loss of K+ following ﬂg22 application, the
ILK1-1 line maintained constant tissue K+ concentrations over time, consistent with the trends in Figure 7A.
In addition, the ilk1-1, but not ILK1-1, seedlings
exhibited higher Mn2+ content throughout the time
course; Ca2+ decreased over time in ilk1-1 while it increased in the ILK1-1 line (Fig. 8C; Supplemental Data S1).
Taken together, our results indicate that ﬂg22 has a
signiﬁcant effect on ion homeostasis in intact Arabidopsis seedlings and that ILK1 impacts K+, Mn2+, Mg2+, S,
and Ca2+ homeostasis following PAMP perception.
ILK1 Interacts with the HAK5 Potassium Uptake
Transporter and Is Required for Growth in Limiting
K+ Conditions

We hypothesized that ILK1 may be interacting with
and regulating a cellular component involved in osmoregulation or ion homeostasis during stress. To
identify potential ILK1 interactors, we took an unbiased
proteomics approach using two methods. First, functional protein microarrays containing 15,000 proteins
were probed with puriﬁed ILK1-V5 and anti-V5 Cy3labeled antibody, allowing identiﬁcation of in vitro
protein-ILK1 complexes (Brauer et al., 2014). Second,
in vitro phosphorylation targets ILK1 were identiﬁed
1476

using in a kinase client assay (KiC) where puriﬁed
ILK1-cMyc was incubated with a peptide library and
phosphorylation of peptides was quantiﬁed by mass
spectrometry (Ahsan et al., 2013). These approaches
revealed a number of putative ILK1 interactors including several transporters (Supplemental Table S3).
Among the interactors were two transporters from the
K+ uptake permease family (KUP)—KUP5 and the high
afﬁnity K+ transporter HAK5. While little is known
about the function of KUP5 in plants, HAK5 is important for growth maintenance in K+-limiting environments and during salt stress (Nieves-Cordones et al.,
2010; Rubio et al., 2010). Since the KiC assay indicated
that ILK1 phosphorylates a peptide derived from the
N-terminal cytosolic domain of HAK5, we hypothesized that HAK5 is a functional interaction partner of
ILK1.
We tested ILK1-HAK5 interaction in Arabidopsis
protoplasts by SLCA using full-length ILK1 and the
N- or C-terminal cytosolic portions of HAK5. High levels
of luciferase signal indicated that ILK1 interacted with
both fragments of HAK5, while CML9 did not (Fig. 9A).
To conﬁrm this interaction in the absence of other plant
proteins, protein interactions were validated in Xenopus
oocytes using the bimolecular ﬂuorescence complementation assay. Full-length HAK5, ILK1, and CML9
were each fused to the complementary halves of the
YFP, and the cRNAs were coinjected into oocytes and
analyzed by confocal microscopy. Coinjection of cRNA
encoding ILK1 with HAK5 resulted in a signiﬁcant YFP
signal, indicating a direct interaction of these protein
products (Fig. 9B, top left image). In contrast, no ﬂuorescence was observed in cells coinjected with HAK5
Plant Physiol. Vol. 171, 2016
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Figure 6. ILK1 fusion proteins localize to the cell periphery. A,
Transiently expressed ILK1-GFP
colocalizes with the endoplasmic
reticulum HDEL:mCherry marker
and the plasma membrane BDCam53:
mCherry marker in N. benthamiana
leaf epidermis cells (n = 5). B, ILK1-GFP
localizes to Hechtian strands (indicated by white arrows) in plasmolized
N. benthamiana leaf epidermis cells
following treatment with 1 M NaCl (n =
4). C, Stably expressed ILK1-CFP localizes to the proto-xylem and the
periphery of leaf and root cells in
Arabidopsis 3-week-old seedlings
(n = 5–10).

Functions of ILK1 in Stress Signaling

maintain growth under these conditions (Fig. 9D). The
ilk1-1 and K222A-1 seedlings were also stunted relative
to wild type under the low K+ conditions, while ILK1-1
and D319N-1 lines supported wild-type-level growth.
No changes in HAK5 expression were observed in ilk1-1

and CML9 cRNA (Fig. 9B, top- and bottom-right images), regardless of the presence or absence of unlabeled
ILK1 cRNA. Together with the data presented in Figure
1, this suggests that ILK1-HAK5 and ILK1-CML9 interactions occur in vivo, while CML9 and HAK5 do not
interact.
To determine if HAK5 is a phosphorylation target of
ILK1, we performed a radioactive kinase assay with the
N-terminal cytosolic domain of HAK5; however,
phosphorylation was not detected under the tested
conditions (data not shown). Next, we explored the
possibility that ILK1 modulates HAK5 by acting at a
step in HAK5 synthesis, as previously shown for other K+
transporters (Held et al., 2011). Transient co-expression
of HAK5, ILK1, and CML9 in N. benthamiana leaves
resulted in HAK5 protein accumulation in the membrane fraction of leaf extracts, while HAK5 could not be
detected when expressed alone or in combination with
either ILK1 or CML9 (Fig. 9C).
Physiological studies have shown that HAK5 is required for growth under limiting K + conditions
(Rodríguez-Navarro and Rubio, 2006; Qi et al., 2008).
To determine if ILK1 is similarly involved in response to
limiting K+ conditions, ilk1-1 plants were grown
alongside the previously characterized hak5-3 knockout
mutant in media that contained 10 mM K+. Relative to
wild-type plants, the hak5-3 seedlings struggled to
Plant Physiol. Vol. 171, 2016

Figure 8. Ion homeostasis changes during flg22 Induction. A, Ionomic
profile of wild-type seedlings treated with 1 mM flg22 normalized to the
untreated control 15, 30, and 180 min after treatment (n = 4), where *
indicates significant difference from the wild type for a given time point,
P , 0.05. B, Wild type, ilk1-1, and ILK1-1 have identical ionomic
profiles under control conditions. Means in mg/g dry weight for
15 replicates are presented alongside SE in parentheses. C, The ilk1-1
and ILK1-1 show different ionomic responses to flg22 relative to wild
type. The heat map indicating the relative ion content of two-week old
seedlings treated with 1 mM flg22. Each ion is normalized to the untreated control where red indicates higher content while green indicates
lower content (n = 4), where * indicates significant difference from the
wild type at the given time, P , 0.05.
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Figure 7. Changes in K+ homeostasis during stress are necessary for
flg22-induced root growth response. A, K+ content is reduced during
stress. Comparison of K+ content in NaCl (300 mM, 8 h) and flg22treated (1 mM, 15 min) seedlings relative to untreated seedlings (set at
100%, n = 4–20) where * indicates significant difference from the wild
type for a given treatment, P , 0.05. B, Flg22-induced root growth inhibition can be rescued by the K+ channel blocker TEA. The seedlings
were grown for 5 d prior to transfer to modified liquid MS media with
2 mM K+ (instead of 20 mM in unmodified MS media) containing no flg22
or 100 nM flg22 supplemented with the indicated concentration of TEA.
Primary root length was quantified 10 d after transfer (n = 10–16) where
* indicates significant difference from the nonflg22 treatment, P , 0.05.
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seedlings, indicating that the stunted ilk1-1 growth
is not due to an effect of ILK1 on HAK5 expression
(Fig. 9E).
These results suggest that ILK1 promotes HAK5 accumulation in conjunction with CML9; furthermore,
they suggest that ILK1 modulates high-afﬁnity K+
transport or plant response to K+ deﬁciency in a kinasedependent manner.

Lack of ILK1 and HAK5 Impairs ﬂg22-Induced Signaling
and Cellular Ion Fluxes

Given that ILK1 interacts with HAK5 and K+ accumulation is important for the ﬂg22 response, we reasoned that HAK5 might be required for ﬂg22
sensitivity. To test this hypothesis, we exposed the
hak5-3 mutant to ﬂg22 and quantiﬁed root-growth inhibition. While the hak5-3 exhibited wild-type growth
under control conditions, it failed to show inhibition of
the root-growth postﬂg22-treatment (Fig. 10A). Similarly to the ilk1-1 mutant (i.e. Fig. 4C), hak5-3 also had a
signiﬁcantly higher induction of FRK1 and WRKY29
expression in response to ﬂg22 (Fig. 10B).
1478

During stress, anion efﬂux across the cell’s PM results
in a depolarization of the membrane potential and induction of K+ efﬂux, presumably to charge-balance
anion efﬂux. To test if HAK5 and ILK1 play a role in
ﬂg22-induced PM depolarization, leaf mesophyll PM
membrane potential was monitored using microelectrodes impaled into leaf cells. Consistent with previous
reports (Jeworutzki et al., 2010), addition of ﬂg22 to the
extracellular media resulted in PM depolarization after
a 2-min delay, reaching a steady depolarized state
within 3 min (Fig. 10C). The time-course change in
membrane potential in both the ILK1-1 and K222A-1
leaf cells resembled that recorded in wild type (Fig.
10C). In contrast, the ilk1-1 and hak5-3 cells demonstrated a signiﬁcantly slower depolarization rate, taking approximately 5 min longer to reach a similar
steady depolarized state (Fig. 10, D and E). This indicates that HAK5 and ILK1 contribute to ﬂg22-induced
ion ﬂuxes at the PM and that ILK1’s role in this process
is independent of its kinase activity.
To determine if K+ transport is contributing to the PM
depolarization, we pretreated wild-type leaves with
the K+ channel blocker TEA and exposed them to
ﬂg22. TEA-treated leaf disks displayed a delayed PM
Plant Physiol. Vol. 171, 2016
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Figure 9. ILK1 interacts with the HAK5 K+ uptake transporter and promotes growth in low K+ conditions. A, ILK1 and HAK5
cytosolic domains interact in Arabidopsis protoplasts. Luciferase signal resulting from interaction between bait (NLuc) and prey
(CLuc) fusion proteins is normalized to the signal produced by a positive control pair (NLuc-H2A, CLuc-H2B). Four replicates
from three independent experiments for each pair were used where * indicates significant difference from the negative control
(NLuc-SIM, CLuc-PAN, P , 0.05). B, Images showing interaction of ILK1 with full-length HAK5 by bimolecular fluorescence
complementation in Xenopus oocytes. The image shows the fluorescence (left panel) and bright field (right panel) confocal
microscopy images of one-quarter of oocyte cells expressing the constructs indicated in each set. No interaction between nYFP::
HAK5 and cYFP::CML9 was observed even upon coinjection with the untagged ILK1. Untagged ILK1 was transformed into cells
as a negative control for background autofluorescence (n = 6). C, HAK5 accumulates when co-expressed with ILK1 and CML9.
HAK5-GFP protein accumulation in the membrane fraction of N. benthamiana leaves was evaluated by western blot. HAK5 was
co-expressed with GFP, CML-cMyc, or ILK1-cMyc, which are visible in the soluble fraction. Equal loading of total protein extract
was verified by Ponceau stain. D, Primary root length under limiting K+ conditions (10 mM) 6 d after germination where * indicates
significant difference from the wild type, P , 0.05. E, HAK5 expression is unaffected in ilk1-1 plants. The mean HAK5 expression
from six replicates is presented, where expression is normalized to PP2A.

Functions of ILK1 in Stress Signaling

depolarization, similar in scale to the ilk1-1 and hak5-3
mutants (Fig. 10, D and E). Furthermore, ﬂg22-treated
ilk1-1 and hak5-3 leaf disks accumulated higher K+ in the
surrounding media relative to the wild type (Fig. 10F).
Together, these observations suggest that HAK5 and
ILK1 contribute to ﬂg22-induced responses including
both early changes in cellular ion homeostasis as well as
longer-term responses such as growth suppression.

DISCUSSION

Here, we describe two, to our knowledge, novel
components of the ﬂg22 response pathway, ILK1 and
its interacting partner, the HAK5 K+ transporter. Our
data supports a preliminary model where ILK1 and
HAK5 are part of an ﬂg22-induced signaling pathway
where ILK1 functions as a kinase to promote growth
inhibition downstream or independent of ROS production, and modulate MPK3 and MPK6 signaling (Fig.
11A). This pathway may involve K+ transport since
abolishment of K+ transport recapitulated ilk1-1 and
hak5-3 immune phenotypes and both HAK5 expression
and ILK1 kinase activity are involved in the response to
Plant Physiol. Vol. 171, 2016

K+ limitation. ILK1-dependent signaling is functionally
relevant for basal immunity since ILK1 activity is necessary to limit intracellular proliferation of a weakened
P. syringae pv. tomato strain (Fig. 3D). Our ﬁndings
provide, to our knowledge, the ﬁrst evidence that K+
transport is important for the generation of PAMP responses in plants, and place ILK1 and HAK5 as potential mediators of K+-dependent signals.
Recognition of PAMPs and host-derived damageassociated molecular patterns triggers a large K+ efﬂux from both plant and animal cells (Perregaux and
Gabel, 1994; Walev et al., 1995; Colomar et al., 2003;
Mithöfer et al., 2005). Several groups have reported that
this K+ efﬂux, or rather a low intracellular K+ concentration, functions as a signal to induce downstream
immune responses (Seydel et al., 2001; Scheel et al.,
2006; Pétrilli et al., 2007; Arlehamn et al., 2010). For
example, in animal cells the toll-like receptor TLR4
binds the bacterial PAMP LPS (lipopolysaccharide)
and induces K+ efﬂux through the MaxiK K+ channel,
activating signal cascades and release of the proinﬂammatory tumor necrosis factor-a (Scheel et al.,
2006). Blocking K+ efﬂux using speciﬁc MaxiK blocking agents or with TEA abolished LPS-induced tumor
1479
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Figure 10. Loss of HAK5 and ILK1 Alters flg22
signaling responses. A, Flg22-induced root-growth
inhibition is disrupted in hak5-3 mutants. Seedlings were grown for 5 d prior to transfer to liquid
MS media containing 100 nM flg22 and primary
root length was quantified 10 d after transfer (n =
24–32), where * indicates significant difference
from the nonflg22 treatment within a line, P ,
0.05. B, Flg22-induced marker gene induction is
disrupted in hak5-3 mutants. FRK1 and WRKY29
expression were quantified after treatment with
1 mM flg22 for 2 h. Expression from five replicates
was normalized to PP2A and expressed relative to
untreated seedlings where * indicates significant
difference from the wild type, P , 0.05. C and D,
Membrane depolarization following 10 nM flg22
application in leaf mesophyll cells of the wild type
(n = 12), ILK1-1 and K222A-1 plants (n = 5–7),
ilk1-1 and hak5-3 plants (n = 9–12) and wild-type
plants pretreated with 10 mM TEA for 1 h (n = 8). E,
Midpoint of the flg22-induced depolarization time
course between the onset and the final steady state
for each genotype tested in (C) and (D), where *
indicates significant difference from the wild type,
P , 0.05. F, K+ concentration of the extracellular
media surrounding flg22-treated leaf disks from (C)
and (D), where * indicates significant difference
from the wild type for a given time point, P , 0.05.

Brauer et al.

necrosis factor-a formation, indicating that intracellular K+ status stimulates PAMP signaling. It is not
currently known how the K+ status is detected by the
cell, although conformational changes of signaling
molecules have been proposed (Pétrilli et al., 2007). In
support of this idea, a recent study demonstrated that
K+ efﬂux was required to induce complex formation
between an intracellular PAMP receptor (NLRP3) and
a kinase (NEK7) to activate signaling (He et al., 2016).
Interestingly, ILK has recently been shown to function
as a kinase in activating TNF-a production downstream of TLR4-mediated recognition of LPS, although
it is not known if this is K+-efﬂux dependent (Ahmed
et al., 2014).
In plants, K+ status may be detected by K+ transport
systems including HAK5 and AKT1 as well as by other
enzymes such as the pyruvate kinase, which is activated by increased cytosolic K+ concentrations (Wang
and Wu, 2010). HAK5 and AKT1 K+ uptake activity are
both induced by K+ limitation, likely through changes
in phosphorylation status. For example, high-afﬁnity
K+ uptake through the AKT1 channel is regulated by
Ca2+-responsive calcineurin B-like proteins 1–9 (CBL),
which recruit CIPK23 to the PM where it phosphorylates AKT1 (Lee et al., 2007). Our data indicate that ILK1
phosphorylates the N-terminal of HAK5 in vitro
(Supplemental Table S3), and that ILK1 activity contributes to growth during extreme K+-limitation (Fig.
9D), where HAK5 is the only transport system contributing to K+ uptake (Rubio and Rodríguez-Navarro,
2000). Although HAK5 phosphorylation has not yet
1480

been shown in planta, several studies strongly indicate
that HAK5 activity status is modulated by phosphorylation of its N terminus (Jones et al., 2009; Rubio
et al., 2014; Ragel et al., 2015; Scherzer et al., 2015).
Co-expression of the CBLs and CIPK23 also increases
HAK5 transport through CIPK23 activity, indicating
that HAK5 conformation may be regulated by phosphorylation during K+ deﬁciency (Ragel et al., 2015;
Scherzer et al., 2015). However, HAK5 regulation may
require additional uncharacterized components.
We showed that ILK1 interacts with a Ca2+-sensing
protein CML9, and postulate that the CML9-ILK1
module may inﬂuence HAK5 function during ﬂg22
signaling in response to Ca2+ inﬂux. Although CML9
inhibited ILK1 activity regardless of the presence or
absence of Ca2+ (Fig. 1E), the conditions in our assays
may not have been within the sensitivity range of CML9
since CML9 is a divergent member of the CaM family
that may have a lower sensitivity to Ca2+ than other
CMLs (Zielinski, 2002). ILK1 may function in parallel or
in coordination with the CBL/CIPK pathway to modify
K+ transport, thereby activating K+-sensing proteins
and signal transduction. Alternatively, changes in
HAK5 conformation during K+ limitation may trigger ILK1 autophosphorylation, and ILK1-dependent
phosphorylation of signaling proteins. A potential
component of the ILK1 pathway could include the
14-3-3 V protein, which consistently co-puriﬁes with
ILK1 (Supplemental Fig. S2). In Arabidopsis, 14-3-3 V
protein has been shown to interact with BZR1, a transcription factor involved in brassinosteroid signaling
Plant Physiol. Vol. 171, 2016
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Figure 11. Preliminary model of ILK1’s roles during stress. A, A model of possible signaling-related functions of ILK1 in PAMPtriggered innate immunity. After flg22 recognition by BAK1-FLS2, Ca2+ influxes trigger anion export, which depolarizes the
membrane and induces K+ efflux. Calcium sensors such as CML9 may modulate ILK1 kinase activity that phosphorylates HAK5 or
other signaling molecules to activate an unknown signaling pathway. This pathway, which may involve K+-sensing to repress early
MPK3/MPK6 signaling, has a net positive effect on plant innate immunity and regulates growth in response to PAMPs.
Flg22-triggered membrane depolarization involves rapid activation of several unknown channels, which may include GLR3.3
and are influenced by HAK5 and ILK1 in a kinase-independent manner. B, A model of proposed ILK1 roles in potassium transport
for plant responses to abiotic stress. During osmotic stress and limited K+ supply, ILK1 and CML9 promote HAK5 maturation and
transport to the membrane. Low intracellular K+ concentrations lead to accumulation of intracellular Ca2+ and signaling through
CML9/ILK1 or CBLs/CIPK23, which activate HAK5.
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MATERIALS AND METHODS
Plant Material, Growth Conditions, and Stress Treatments
Columbia ecotype Arabidopsis plants were propagated as described previously in Lee et (al., 2011). Expression analysis, ion content, and MAPK induction experiments were performed on 2-week-old seedlings grown in liquid
Murashige and Skoog (MS) media containing 3% Suc. Germination assays were
performed on 10-cm-diameter petri dishes containing 25 mL of 1/2 MS media
with 0.7% Phytoagar and sterile mannitol or NaCl at the indicated concentrations. Flg22-induced root growth inhibition was measured as indicated after
10 d of growth on solid MS media with 0.7% Phytoagar. Unless otherwise indicated, all experiments were conducted three times and signiﬁcance (P # 0.05)
is indicated by an asterisk, as calculated using a t-test. To generate ilk1-1, a
segregating T-DNA insertion line was obtained from The Arabidopsis Information Resource (SAIL-760-C05, AT2G43850). Homozygous T3 ilk1-1 insert
and azygous lines were selected by PCR after back-crossing to Columbia plants
and one round of selﬁng. The homozygous ilk1-2 line was obtained from The
Arabidopsis Information Resource (WiscDsLoxHs009_11D).

Split Luciferase Complementation Assays
The C-termini of proteins of interest were fused to either the N-terminal or
C-terminal of Renilla reniformis luciferase and were coexpressed in Arabidopsis
protoplasts. The cloning, protoplast preparation, and split-luciferase complementation assays were performed as described, using a Veritas microplate
luminometer (Turner BioSystems, Sunnyvale, CA; Fujikawa and Kato, 2007).
Expression vectors expressing a negative control protein pair, NLuc-SIM and
CLuc-PAN, were constructed by inserting coding DNA sequences of SIAMES
(AT5G04470) and PERIANTHIA (AT1G68640) in pDuExAn6 and pDuExDn6
(Kato and Jones, 2010), respectively.

Bimolecular Fluorescence Complementation Assays
The cDNA of HAK5, ILK1, and CAM9 were cloned into oocyte (bimolecular
ﬂuorescence complementation) expression vectors by an advanced uracil
excision-based cloning technique described previously in Nour-Eldin et al.
(2006). Heterologous expression in Xenopus oocytes and YFP visualization
(2–6 d after injection) were performed as described in Ligaba et al. (2013).

Constructs and Arabidopsis Transformation
The ILK1 cDNA clone was obtained from ABRC and subcloned into the
pDONRzeo Gateway. Following conﬁrmation by sequencing, point mutations
were made in the sequence using PCR and all constructs were cloned into
pEARLEYGATE103 for localization (PCaMV35S:ILK1-GFP), pEARLEYGATE102
for complementation (PCaMV35S:ILK1-CFP), pYL436 for protein puriﬁcation,
pDuEx-Bait/pDuEx-Prey for split-luciferase complementation assay, and
pNB1YNu/pNB1YCu for bimolecular ﬂuorescence complementation (NourEldin et al., 2006; Fujikawa and Kato, 2007). T1 seeds of ILK1-CFP, K222A-CFP,
and D319N-CFP lines were selected by PCR for the CFP gene and expression of
ILK1 was conﬁrmed by qRT PCR.

Kinase Activity Assays
Recombinant C-terminal TAP-tagged proteins were puriﬁed from N. benthamiana leaves by immunoprecipitation as described in detail previously in
Brauer et al. (2014). Total protein content was quantiﬁed by Bradford assay and
the presence of the V5 or cMyc-tagged protein was visualized by western blot.
To measure kinase activity, 650–700 ng of the protein preparation was incubated with kinase buffer to a ﬁnal volume of 20 mL (5 mM Tris-HCl pH 7.5,
0.25 mM DTT, 1.25 mM ˠP32-ATP, and 0.1 mg/mL substrate), and the amount of
co-factor indicated in the ﬁgure legend. To verify consistent loading, a duplicate
reaction was separated on a SDS-PAGE gel, transferred to a membrane, and
exposed to Ponceau staining.

Bacterial Infection Assays
The bacterial strains were grown overnight at 30°C prior to being suspended
in inﬁltration medium (10 mM MgCl2) to 33105 CFU/mL and inﬁltrated into
4–6-week-old plants using needleless syringes. The plants were grown in high
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and thought to have an important role in mediating
growth suppression during immunity (Gampala et al.,
2007; Lozano-Durán and Zipfel, 2015). A functional
study of ILK1-interacting proteins should provide more
insight into the identity of other contributors of the
ILK1-dependent signaling pathway during immunity.
In addition to a kinase-dependent role in immunity,
our results suggest that ILK1 has a kinase-independent
role to promote HAK5 accumulation, together with
CML9 (Figs. 9, B and C; 11B). Many PM-localized
transporters and receptors trafﬁc out of the ER and
travel to the PM alongside escort proteins to improve
stability and structural conformation (Lee et al., 2011;
Kolb et al., 2014). In conditions of K+ deﬁciency, HAK5
accumulation shifts from the ER to the PM (Qi et al.,
2008), suggesting that its secretion is another way by
which HAK5 activity is regulated. The regulation of
HAK5 trafﬁcking may be signiﬁcant for longer-term
responses to K+ deﬁciency, including seed germination,
but is less likely to explain ILK1’s kinase-independent
role in rapid responses, including ﬂg22-induced PM
depolarization (Fig. 10D). In our study, PAMP treatment induced K+ loss in seedlings and leaf mesophyll
cells (Figs. 8A and 10F) and ILK1 and HAK5 expression attenuated the cellular K+ loss (Fig. 10F). The
timing of K+ loss in mesophyll cells corresponded with
PM depolarization, and seemed to contribute to the
rate of depolarization since TEA treatment slightly
delayed this process (Fig. 10D). K+ is critical for the
maintenance of membrane polarization; a high external K+ promotes membrane depolarization (Spalding
et al., 1999). However, the amplitude of depolarization
under these high K+ conditions is lower than PM depolarization upon PAMP stress, indicating that different mechanisms are at work. Jeworutzki et al. (2010)
showed that PAMP-triggered PM depolarization is
initiated by an increase in cytosolic Ca2+ that activates
anion efﬂux, followed by activation of K+ efﬂux
channels. ILK1’s kinase-independent role in promoting rapid ﬂg22-induced PM depolarization may be
due to the interaction between transport systems. For
example, HAK5 transport could be inﬂuencing other
channels at the PM such as the Glu receptor-like
channel GLR3.3, which promotes Ca2+ inﬂux during
immunity (Qi et al., 2006; Li et al., 2013).
Plant and animal ILKs share several characteristics,
including ankyrin repeats, a degenerate kinase domain, an unusual Mn2+-dependent activity, and the
ability to phosphorylate tubulin (Fig. 1; Chinchilla
et al., 2008; Maydan et al., 2010). In animals, ILKs
initiate signal transduction through both kinasedependent and -independent mechanisms to mediate cell proliferation, growth, and immune responses
(Hannigan et al., 2011). We describe a plant ILK with
a kinase-dependent function in plant immunity and
a kinase-independent function in maintaining K+
transporter accumulation and ion ﬂuxes during
stress. ILKs emerge as multivalent proteins able to
mobilize distinct partners to modulate signaling
across kingdoms.
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humidity for 2 d and tissue was harvested and quantiﬁed as described in Singh
et al. (2014).

Oxidative Burst Assay

MAPK Phosphorylation Assay
Protein was extracted from three 2-week-old seedlings following exposure to
ﬂg22 in 0.1 mM MnCl2 as described in Brauer et al. (2014) and quantiﬁed using
the Bradford assay. Equal amounts of total protein was separated and probed
with antip42/44 MAPK antibodies (1:1000; Cell Signaling Technology, Danvers, MA), anti-rabbit-HRP antibodies (1:2000; Sigma-Aldrich) and were
stained with Ponceau after exposure.

RNA Extraction and qRT PCR

Functional Protein Microarray
Puriﬁed ILK1-V5 (9 mg) was used to probe both Arabidopsis protein chip
1 and 2 as described previously in Brauer et al. (2014) except the probing buffer
contained 12.5 mM Tris pH 7 and 1% BSA. Chips were probed in triplicate and
compared to three control chips where signal of the Cy5-conjugated anti-V5 antibody was quantiﬁed using a Scan Array Express (PerkinElmer, Waltham, MA).

RNA isolation and cDNA synthesis for expression analysis of 2-week-old
seedlings with and without stress treatments were performed as described
previously in Moreau et al. (2013). Biological replicates contained 15–20 seedlings and qRT PCR was performed in 20 mL reactions using iTAQ SYBR Green
(BioRad, Hercules, CA).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers At2g43850 (ILK1); At3g51920 (CML9); and
At4g13420 (HAK5).

Subcellular Localization of ILK1

Supplemental Data

Nicotiana benthamiana leaves were co-transformed with the PCaMV35S: ILK1GFP and PCaMV35S:HDEL-mCherry or PCaMV35S:BDCaM53-mCherry constructs
according to Popescu et al. (2007). Red, cyan, and green ﬂuorescence was
conﬁrmed using a lambda scan and imaged with a confocal laser scanning
microscope using a 403 dry objective or 633 water immersion objective (SP5;
Leica Microsystems, Wetzlar, Germany). Images were processed with the Leica
LAS-AF 1.8.2 software (Leica Microsystems). Colocalization of the GFP signal
with mCherry signal was conﬁrmed using the software Image-Pro (v. 6.3;
Media Cybernetics, http://www.mediacy.com/). For localization in Arabidopsis, stably transformed lines ILK1-1 expressing PCaMV35S:ILK1-CFP were
imaged using the same method.

Accession Numbers

The following supplemental materials are available:
Supplemental Figure S1. Analysis of autophosphorylation sites in ILK1 in
the presence of Mn2+ or Mg2+ cofactors.
Supplemental Figure S2. Relative purity of ILK1 isoforms used to conduct
kinase assays.
Supplemental Figure S3. Bacterial growth is unaltered in ilk1-1 knockdown
line infected with P. syringae pv. tomato DC3000 or DC3000 AvrRpt2
strains.
Supplemental Table S1. Identiﬁcation of phosphorylated serines in puriﬁed ILK1 and ILK1D319N protein using mass spectrometry.

Ion Content Measurement

Supplemental Table S2. The primer pairs used in this study.

Replicate samples containing 25 2-week-old seedlings were exposed to the
indicated treatment before rinsing and drying at 50°C. The dried tissue was
homogenized and analyzed by inductively coupled plasma emission spectrometry as previously described in Maron et al. (2008).

Supplemental Table S3. Transporters identiﬁed as putative ILK1 phosphorylation targets and protein interaction targets using the KiC and
functional protein microarrays (FPM).
Supplemental Data S1. Ionomic proﬁle for ﬂg22-treated seedlings.

Electrophysiology
To determine membrane depolarization in leaf mesophyll cells from 5 to
10-week-old rosette leaves, the epidermis was removed from the underside of the
leaf and the leaf was afﬁxed to 5-mm-diameter circular glass slides using doublesided adhesive tape. The samples were incubated in a bath solution of 0.1 mM
KCl, 1 mM CaCl2, and 1 mM MES/bis-Tris propane pH 6.0 for 4 h prior to
measuring ﬂg22-induced membrane depolarization using the method described in Jeworutzki et al. (2010).
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Mass Spectrometry Analysis and Kinase Client Assay
Autophosphorylation of puriﬁed recombinant kinases (ILK1 and its D319N
mutant) was detected using a LTQ Orbitrap XL ETD mass spectrometer (Thermo
Fisher, San Jose, CA). The kinase assay was conducted in kinase buffer (20 mM
HEPES-KOH pH 7.4, 5 mM MgCl2 or MnCl2, 1 mM DTT, 2 mM ATP; Ahsan et al.,
2013). The kinase client assay was performed with 5 mM MnCl2 with puriﬁed ILK1
and a mixture of approximately 210 synthetic peptides (8 mM) per sample from a
1482
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